approximated with exponential curves. After this period, the decay rates slowed, with emissions of most compounds continuing for the entire week. The dominant VOCs emitted by the carPets were, for the most part, constituents of the polymer backing materials. An experiment with one carpet, in which the fibers and backing were s~parated and tested individually for emissions, confmned that the backing was by far the dominant source.
Finally, a rough check of the characteristic time for a VOC to diffuse through a thin polymer layer appeared to confmn that the polymer backings were acting as slow diffusive sources of the VOCs released into the chamber air.
Others have used empirical models to describe emissions processes. For example, Colombo et aI. (1990) fit double exponential transient mass-balance equations to the concentration versus time curves for the emissions of VOCs from wood products and gypsum board. Four parameters were estimated for each case by non-linear least squares regression of a data set, and reasonably accurate fits were obtained. However, this approach lacks a physical basis and provides no insight into the mechanisms controlling desorption. As a consequence, estimates for regions beyond the data range are uncertain.
Several physically-based models have been developed to describe the sorption/desorption of VOCs by various indoor sinks/sources. Some focused on surface effects (Silberstein et aI., 1988; Dunn and Tichenor, 1988; Tichenor et al., 1991; Clausen et al., 1991; Chang and Guo, 1992) , including an example where the boundary layer resistance between the bulk air and the source/sink was taken into account (Axley, 1991) , while others considered internal diffusion (Dunn, 1987; Clausen et al., 1992; Dunn and Chen, 1992) . Dunn (1987) emphasized the value of such models in de-coupling the source/sink behavior from the experimental apparatus, usually an environmental chamber, so that the results can be applied more widely.
The applicability of the existing physically-based models is briefly considered in the light of the experimental observations. Models that focus on surface effects appear inappropriate because many of the dominant compounds originate in the polymeric 3 materials and seem to be subject to diffusion controlled release. The diffusion models of Dunn (Dunn, 1987; Dunn and Chen, 1992) assume an infinitely deep source, and can not be used for finite sources that are significantly depleted. Clausen et al. (1992) considered a fmite source, but invoked concentration dependent diffusion, which may not be necessary at L1e relatively low concentrations found in the backing in this study. Tney also neglected equilibrium partitioning between the bulk air and the surface of the source as the VOCs in their study had relatively high vapor pressures. As discussed later, the slow VOC emission rates and the well-mixed conditions in the chamber allowed concerns about boundary layer resistance between the carpet surface and the bulk chamber air to be ignored in this study.
In this paper, a simple physically-based diffusion model, which assumes that all of the carpet emissions come from a thin layer of polymer backing material, is proposed. The basic model parameters (the initial concentration of VOC in the polymer, a diffusion coefficient and an equilibrium partition coefficient) are obtained from the experimental data and, where possible, are compared to expected values. In addition, the relationship between the model parameters and the physical properties of the VOCs is examined, and the influence of the parameters on the e!l1issions profiles is briefly discussed.
Experimental data
The initial study (Hodgson et al, 1992a (Hodgson et al, , 1992b ) measured the emissions of selected VOCs from samples of four new carpets. The original sample numbers have been maintained to facilitate comparisons with the initial study. Carpet 1 is typical of residential carpets with Nylon fibers and a secondary backing consisting of a coarse polypropylene mesh bonded to the primary backing with styrene-butadiene rubber (SBR) latex adhesive.
Carpet 2 has nylon fibers and a flexible polyurethane foam (PDF) secondary backing. This carpet was excluded from the re-analysis because it was assumed that a simple diffusion model would not accurately describe the emissions of VOCs from the relatively porous PDF. Carpet 3, which is manufactured in the form of tiles, had Nylon fibers and a hard polyvinyl chloride (PVC) secondary backing. Carpet 4 has mixed polypropylene and 4 Nylon fibers with the same backing as Carpet 1. All carpet samples were collected directly from the finish lines at the manufacturers' mills and were packaged in two layers of heatsealed Tedlar bags to preserve their chemical integrity. Two samples of Carpet 1 (la and Ib) were collected simultaneously. The emissions measurements were made two to five weeks after sample collection.
Each carpet sample was initially screened for emissions of VOCs using two procedures. First, aliquots of headspace gas was withdrawn directly from the sample storage bags and analyzed. This analysis was conducted after the bags had been stored unopened in the laboratory for about one week. Second, samples were screened for emissions using small-volume (4-L) chambers. Compounds for quantitative analysis during the environmental chamber experiments were selected based on the results of the screening measurements. Five to seven of the most abundant VOCs were selected for each experiment. Those VOCs chosen for re-analysis are listed in Table 1 along with abbreviations and certain physical properties.
A 20-m 3 environmental chamber, constructed of low-emitting materials and lined with stainless steel, was used for the emissions experiments. The ranges in the operating parameters of the chamber for all experiments were: 0.98-1.00 h-1 for ventilation rate; 22.8-23.5 0 C for temperature; 46.5 to 50.2 percent for relative humidity; and 6.5-9 em s-1 for air velocity near the floor. The ventilation rate and temperature had relative standard deviations of one percent for the week-long experiments. On the day that an experiment began, the chamber was entered, and the carpet sample was installed to cover the floor of the chambero The loading ratio was 0.44 m 2 m-3 . The installation took about 15 minutes.
The initial time for the experiment waC) established by the closing of the chamber door. Air samples for VOCs and low-molecular weight aldehydes were pericx:lically collected over the next seven days. During the first day, the samples were collected starting at elapsed times of 1,3,6, 12, and 24 h. Subsequent samples were collected at 24 h intervals.
Development of model
Theory. The model assumes that all of the contaminants emitted from the carpet diffuse out of a single uniform layer of polymer backing material. This ignores contributions from the carpet fibers and other potential sources within the carpet.
Furthermore, the boundary layer resistance between the carpet surface and the well-mixed bulk: air in the chamber is assumed to be small in comparison to the resistance to diffusion within the polymer layer. This assumption is based on calculations using expected diffusivities of the selected VOCs in air and in the backing material. A schematic representation of the idealized carpet in the chamber is shown in Figure 1 .
The governing equation describing transient diffusion through a polymer is
where C(x,t) is the concentration of the contaminant in the polymer slab; t is time; and x is the linear distance. The diffusion coefficient, D, determines the rate of diffusion of a VOC through the layer and is assumed to be independent of concentration. The initial condition assumes that the compound of interest is uniformly distributed throughout the polymer layer, or
where L is the thickness of the polymer layer, and Co is the initial concentration. Since the carpet is resting on the stainless steel floor of the chamber, the fIrst boundary condition assumes that there is no flux out of the base of the polymer slab, or
A second flux boundary condition is imposed through a mass balance on the VOC in the chamber air. The three terms represent the accumulation of the VOC in the chamber air, the mass flux diffusing out of the polymer slab, and the VOC leaving the chamber in the outflowing air stream, or
where y is the concentration of VOC in the chamber air, Q is the volumetric flowrate of clean air through the chamber, V is the volume of air in the chamber, and A is the area covered by the carpet. Equilibrium is assumed to exist between the contaminant concentrations in the surface layer of the polymer and the chamber air, or
where K v is a linear partition coefficient. Combining equations 4 and 5 yields the appropriate boundary condition ( V )ac, +D ac,
The solution to equations 1-3 and 6 is obtained from an analogous heat transfer solution (Carslaw and Jaeger, 1959) , which is first transformed into mass transfer terms and then adjusted to account for equilibrium partitioning, yielding
n=l L(h-kq;) +q~(L+k)+h cos (qnL) where and qn are the positive roots of
Equation 7 gives the contaminant concentration in the polymer slab as a function of distance from the base of the slab, and also of time. The concentration of contaminant in the chamber air at any time, 1, is obtained by first finding the concentration at the surface of the polymer slab and then substituting this value into equation 5, the equilibrium relationship.
Care must be exercised when evaluating equation 7 as the number of terms required for an accurate solution depends strongly on the selected parameters. The series converges 7 especially slowly for early times and at low values of D. However, at no time in this study were more than 200 terms necessary.
Estimation of parameters. Equations 7 and 5 give the concentration of a VOC in the chamber air as a function of time and various other parameters, most of which may be obtained from experimental measurement. ThUS, Q, V, and A are all known, while L was obtained by direct measurement of the polymer slab thickness. This leaves the initial polymer concentration, Co, the partition coefficient, K v , and the diffusion coefficient, D.
These last three parameters were obtained in an iterative fashion (described below) using the chamber concentration data, yet), the mass per unit area emitted from the carpet over the duration of the week-long experiment, Memil> and the concentration of the VOC present in the air of the storage bags prior to opening, Ybag (available for carpets 1 and 4 only).
An initial estimate of the total mass per unit area, M, of the VOC in the polymer slab at the start of an experiment was obtained by setting M = Memit, recognizing that this would be a poor estimate if some of the VOC remained in the slab at the end of the experiment. Co was estimated by dividing M by the thickness of the polymer slab, L. For carpets had all been stored in the bags for a period of at least two weeks prior to opening and it was assumed that the polymer and air concentrations were at equilibrium. Next, equations 7 and 5 were used to find D, and in the case of carpet 3, also Ky , using an interval weighted (Dunn and Chen, 1992) relative least-squares (Saez and Rittmann, 1992) iterative fitting procedure, which assumed a constant variance in experimental error. The proposed model appears to provide a reasonable fit to most of the experimental data over the one-week time period. Although the fit to the PCH data of carpets la and Ib does not appear to be as good as for the other compounds, an examination of the residuals in Table 2 shows that the relative degree of fit is similar. Generally, L2 for the carpet 3 compounds is about an order of magnitude lower than for carpets 1 and 4; reflecting the additional degree of freedom in the fitting procedure. are close to those that would be expected for high density polyethylene (Schwope et al., 1989) . In addition, the two low molecular weight compounds have the largest diffusion coefficients, although it is not certain that these two compounds originate in the backing.
The low diffusion coefficients found for ISO, PRO and Em in Carpet 3 result in a large fraction (about 85%) of the amount injti~lly present re!Il~lning widlin ilie polymer backing at the end of the one week period. Emissions of these compounds could be expected to continue for several weeks. Schwope et al. (1989) suggested that the concentration dependence of diffusion coefficients of a VOC in polymers may be neglected when tri.e concentrations of the VOC in the polymer is less than 1%. An examination of the observed values of Co for all three carpets show concentrations of well below 0.1 %, assuming a polymer density of 1 g cm-3 .
Therefore, the assumption made in deriving equation 7 that D is independent of C seems justified. A similar argument applies to the use of the partition coefficient, Ky , which may also depend on concentration. At the relatively low contaminant concentrations present in the carpet backing material, the use of a linear partition coefficient appears reasonable.
Ideally, the observed values for K v should also be compared to expected values. 
Behavior of model
The influence of the model parameters on the resulting contaminant concentration in air, yet), is briefly examined. Equation 7 shows that the concentration in the chamber air depends linearly on Co, the initial concentration in the polymer, and that the shape of yet) will scale proportionally. This suggests that the most effective way to reduce emissions from new carpets is to reduce Co, the initial concentration of the VOCs in the polymer backing material. Table 1 for chemical abbreviations. Table 1 for chemical abbreviations. 22
